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My focus in this talk is on topics you may not 
have heard about yet, as well as topics that are 

not covered elsewhere in this workshop.
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Pion and muon decay-at-rest

Why are these neutrinos special?

• Known energy shape! 

• Energies most relevant for supernovae. 

• Coherent scattering xsec is high 

• IBD xsec (for nuebar app) is well known. 

• IBD events (for nuebar app) are easy to reco/ID.  

• Background is low. 

• Low energy is nice for (L/E-dependent) osc studies.
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Kaon decay-at-rest

• For once, you know the energy of your muon 
neutrino. This simple fact is enormously important 
for a number of potential measurements. 

• nue appearance background is low (and 
measurable). 

• Energy is relevant for long baseline exps. 

Why are these neutrinos special?
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Why are these neutrinos really special?

They are (often) free.  
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Physics opportunities with pion/muon 
and kaon decay-at-rest

Physics topic Why is this particularly interesting?

Sterile neutrino A possible new fundamental particle!  
Hints from experimental anomalies.

CP violation Relation to leptogenesis and matter-
antimatter asymmetry.

Coherent scattering Never been measured! Sensitive to NSI.

xsec for supernova Very poorly measured and highly relevant 
for SN evolution and future SN detection. 

and.
xsec for long baseline Vital for long baseline CP violation 

measurements

Weak mixing angle NuTeV anomaly is still there. Excellent 
test of Standard Model and NSI.

Dark sector probe g-2 anomaly is still there. We expect dark 
sector particle detection eventually.
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Where?
Facility Location Proton E (GeV) Power (MW) Bunch Rate
LANSCE USA (LANL) 0.8 0.8 600 µs 120 Hz

ISIS UK (RAL) 0.8 0.16 2 ⇥ 200 ns 50 Hz
BNB USA (FNAL) 8.0 0.032 1.6 µs 5-11 Hz
SNS USA (ORNL) 1.0 1.4 700 ns 60 Hz
MLF Japan (JPARC) 3.0 1.0 2 ⇥ 60-100 ns 25 Hz
CSNS China (planned) 1.6 0.1 <500 ns 25 Hz
ESS Sweden (planned) 2.0 5 2 ms 17 Hz

DAE�ALUS TBD (planned) 0.7 ⇡1,3,5 100 ms 2 Hz
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A few words about a few generic physics 
opportunities associated with pion/muon 

decay-at-rest

Coherent neutrino scattering 
Supernova xsec 

Dark sector searches

10



Coherent neutrino-nucleus scattering 

A process well-predicted by the SM with a small theoretical cross 
section uncertainty (~5%). 

Coherent ν-A elastic 
The total scattering amplitude can be approximated by taking the 
sum of the amplitudes of the neutrino with the individual nucleons 
when the momentum transfer is small.
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An unobserved process with a large cross section 
...and a tiny signature

• Coherent ν-A elastic σ~10-39 cm2 

• ν-A charged current σ~10-40 cm2 

• ν-p charged current σ~10-41 cm2 

• ν-e elastic σ~10-43 cm2

Very low energy  
(WIMP-like) recoils

In the few-50 MeV range:

Ev
en

t 
ra

te
 (

ar
bi

tr
ar

y 
un

its
)

⌫A ! ⌫A

Recoil energies for stopped-pion neutrino source
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PRD 84 013008 (2011) 

A⌫

12



Why is coherent neutrino-nucleus 
scattering interesting?

• This process has never been detected. 

• Differences from Standard Model prediction could be a sign of new 
physics. 

• Supernova process and burst/diffuse neutrino detection. 

• Non-standard neutrino interactions. 

• Weak mixing angle. 

• Neutrino magnetic moment. 

• Neutron radius. A⌫
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Neutrino cross sections for astrophysics

• Cross section measurements at low energy (~0-50 MeV) on various nuclear targets are 
essential to understanding core collapse supernovae and the neutrino spectra emitted. 

• How were the elements from iron to uranium created? 

• Interpreting supernova burst/diffuse signal on Earth. 

• An experiment at an intensity frontier decay-at-rest source can perform measurements of 
the most relevant neutrino cross sections: 2H, C, Ar, O, Pb, Fe.

The neutrinos from the next one are already on their way (literally). 
How do we interpret the spectrum w/o cross section info? 

The most relevant cross section on arguably the most important 
nucleus of all, iron, has only been measured with ~40% precision! 

Need more data! 
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Dark sector searches
2
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FIG. 10: a) Scalar DM pair production from electron-beam
collisions. An on-shell A0 is radiated and decays o↵ diagonally
to �h,` pairs. b) Inelastic up scattering of the lighter �` into
the heavier state via A0 exchange. For order-one (or larger)
mass splittings, the metastable state promptly de-excites in-
side the detector via �h ! �`e

+e�. The signal of interest is
involves a recoiling target with energy ER and two charged
tracks to yield a instinctive, zero background signature.

FIG. 1. Left (a): schematic diagram of DM production in proton-carbon collisions, through on- or o↵-shell dark photons
A0 from exotic ⇡0 decays. Right (b): DM scattering at a detector through the same dark photon A0. We focus on electron
scattering in this paper, but the detector target may be protons or nuclei in alternative experimental setups.

LSND bounds and projected DAE�ALUS sensitivity covers a broad range of DM and mediator masses, and is even
competitive with searches for visibly-decaying mediators in certain regions of parameter space.

The search strategies for MeV-scale DM at both DAE�ALUS and LSND are very similar, so it is worth pointing
out the potential advantages of DAE�ALUS compared to LSND:

• Higher energy range. The LSND ⌫
e

� e� elastic scattering measurement [20], which has been used to set limits
on light DM, focused on the recoil electron energy range E

e

2 [18, 52] MeV, where a C̆erenkov detector can use
directionality to discriminate against decay-at-rest neutrino backgrounds. This strategy is optimal for a heavier
DM search (m

�

& 40 MeV) where the kinetic energy available for scattering is smaller. Here, we propose a
search with DAE�ALUS/LENA in the higher energy range E

e

2 [106, 400] MeV, well above the thresholds
from decay-at-rest backgrounds, which is optimal for lighter DM (m

�

. 20 MeV). The specialized target at
DAE�ALUS, designed to reduce the decay-in-flight component of the neutrino beam, makes such a high-energy
search possible by reducing decay-in-flight backgrounds.3

• Higher luminosity. A single DAE�ALUS cyclotron with a 25% duty cycle and peak power 8 MW can deliver
4.9⇥ 1023 protons on target per year, producing 7.5⇥ 1022 ⇡0 per year, compared to 1022 ⇡0 over the life of the
LSND experiment.

• Larger acceptance. At LSND, the source was placed a distance of 30 m from the neutrino detector, whereas
the DAE�ALUS source can be placed as close as 20 m to the detector, increasing the angular acceptance for
DM scattering. In addition, the detector length of LSND was 8.3 m, whereas DAE�ALUS can be paired with a
large neutrino detector like LENA in a geometry where the average path length through the detector is closer
to 21 m, and the maximum path length is over 100 m.

Because we consider a dedicated DM search with DAE�ALUS, we will optimize our cuts for each point in the dark
sector parameter space. We will show that under conservative assumptions, a light DM search at DAE�ALUS/LENA
is systematics dominated. In particular, the improvements compared to LSND come almost exclusively from the
optimized cuts rather than the higher luminosity and larger acceptance, though that conclusion could change with
relatively modest improvements to the systematic uncertainties of neutrino-nucleon scattering cross sections.

The full DAE�ALUS program [22] includes multiple cyclotron-based neutrino sources placed at three di↵erent
distances from a single detector such as LENA. Because the earliest phase of DAE�ALUS involves just a single “near”
cyclotron-based neutrino source, we focus on pairing this neutrino source with a neutrino detector to perform a
dedicated DM search.4 For studies of other physics opportunities with a near cyclotron, see Refs. [26–28].

To directly compare to previous studies [9–11, 14–16, 30–34], we will focus on vector portal models of the dark sector
[35–37]. Here, a massive dark photon A0 from a new U(1)

D

kinetically mixes with the standard model hypercharge:5

L � ✏
Y

2
F 0

µ⌫

Bµ⌫ +
m2

A

0

2
A0

µ

A0µ + �̄(i 6D �m
�

)�, (1)

3 In principle, LSND could have done such a high-energy search as well. It may be possible to derive stronger limits than those from the
LSND electron scattering measurement by using LSND’s measurement of ⌫e C ! e� X at 60–200 MeV [21].

4 One could also pair DAE�ALUS with the proposed JUNO [23], Hyper-K [24], or water-based liquid scintillator [25] detectors. While
it may be possible to use an existing neutrino detector such as NO⌫A, beam-o↵ backgrounds for an above-ground detector appear
prohibitive.

5 The A0 can acquire mass either through a Stückelberg field or a dark Higgs.
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FIG. 2. Example DAE�ALUS placements in the vicinity of the cylindrical LENA detector: midpoint (a), oblique (b), and
on-axis (c). The dotted lines show some representative paths of � through the detector volume. The projected yields for each
configuration are displayed in Fig. 5. Note that for our sensitivity projections, we assume the DM incidence angle is always
defined with respect to the incident proton direction.

and couples to a DM particle �, which carries unit charge under the U(1)
D

. The DM can be either a scalar or a Dirac
fermion; we focus in the text on the case of fermionic DM, leaving a discussion of scalar DM to the appendices. Here,
D

µ

⌘ @
µ

+ig
D

A0

µ

, where g
D

is the dark coupling-constant. After electroweak symmetry breaking and diagonalizing the
kinetic terms, the A0 inherits a universal coupling to electromagnetic currents with strength ✏e, where ✏ ⌘ ✏

Y

cos ✓
W

.
This model has four free parameters,

{m
A

0 , ✏,m
�

,↵
D

}, (2)

namely the A0 mass m
A

0 , the kinetic mixing parameter ✏, the DM mass m
�

, and the dark fine-structure constant
↵
D

⌘ g2
D

/4⇡. Many dark photon studies have explored the {m
A

0 , ✏} portion of parameter space, but m
�

is an essential
third dimension that introduces qualitatively di↵erent phenomenology. We focus primarily on the region of parameter
space ↵

D

� ✏2↵
EM

where the A0 primarily decays into DM when kinematically allowed, rather than into visible-sector
particles, though we do look at a wider range of ↵

D

values in Fig. 4.6

Due to its universal coupling to electromagnetism, the A0 can replace a photon in any kinematically-allowed process,
with an accompanying factor of ✏, such that the event rate for any tree-level process coupling the visible sector to the
dark sector is proportional to ✏2. Thus, as shown in Fig. 1, DM can be produced and detected via

⇡0 ! �A0(⇤) ! ���, (3)

�e� ! �e�, (4)

where the A0 can either be on- or o↵-shell in the production process, and the scattering process proceeds through a
t-channel A0.7 The main detection backgrounds come from neutrinos, either elastic scattering o↵ electrons or charged-
current quasi-elastic (CCQE) scattering o↵ nucleons, but because the spectra of neutrinos produced from decays at
rest have sharp kinematic cuto↵s, much of the neutrino background can be mitigated by a simple cut on the electron
recoil energy in the detector.

While our benchmark dark sector is a viable, renormalizable theory of DM in its own right, it is also useful
to regard this scenario as a simplified model for an entire class of theories in which sub-GeV particles mediate
interactions between dark and visible matter. Indeed, there is a vast literature which invokes light, weakly-coupled
particles to resolve anomalies in direct and indirect detection experiments, build models that relate dark and baryonic
energy densities, resolve puzzles in simulations of cosmological structure formation, introduce new relativistic degrees
of freedom during big bang nucleosynthesis, and resolve the proton charge-radius anomaly and other low-energy

6 Changing ↵D results in a simple linear scaling of the sensitivity when the DM is produced via an on-shell A0, and a quadratic scaling
when the DM is produced via an o↵-shell A0. We discuss scaling with ↵D in Sec. VI.

7 Since � and � are indistinguishable in the detector, we only write � for simplicity.

• We should remember that these sources, combined with 
neutrino detectors, can be used to provide sensitive searches 
for dark sector particles. 

•  In scenarios with a light weakly-coupled dark sector, a 
neutral pion can decay to an on-shell mediator (A’) to 
produce pairs of DM particles.  

• One can look for elastic-scattering-like interactions in the 
detector. 

• For an excellent new discussion of this prospect for the future 
(i.e. DAEδALUS at LENA) as well as an examination of past 
searches (LSND dark sector), see: arXiv:1411.1055.
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Experiments

• The DAEδALUS program 

• OscSNS 

• JPARC-P56 

• Decay-at-rest at FNAL (KDAR, CENNS and CAPTAIN) 

• COHERENT at SNS

16



The DAEδALUS program
• The cyclotron as a new, intense source of decay-at-

rest neutrinos.  

• High-Q isotope  

• Pion/muon 

• Combine cyclotron(s) with planned or existing 
detectors.

8Li ! 8Be + e� + ⌫e

17



The path to 800 MeV
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In pursuit of a new paradigm in neutrino physics, DAEδALUS 
needs near-term engineering R&D money 

 



There is a lot we can do if we combine a 
MW-class decay-at-rest source with a 

kiloton-scale detector!
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DAEδALUS and δCP

3

interaction oscillation measurement with a common de-
tector and multiple baselines. The main technical issue
in the two-target cyclotron design is maintaining a good
vacuum in the two-prong extraction line. The beam will
be “painted” across the face of each target in order to
prevent hot spots in the graphite, an e↵ect which will
dominate the ±25 cm uncertainty on the experimental L
from each neutrino source. The targets will be arranged
in a row enveloped within a single iron shield, with the
detector located 20 m downstream of the near target and
40 m downstream of the far target. This configuration
has been found to provide the best overall sensitivity to
the LSND allowed region.

The analysis below exploits the L dependence of neu-
trino oscillations. Therefore, the flux of protons on each
target must be well understood in time; standard proton
beam monitors allow a 0.5% measurement precision. The
absolute neutrino flux is less important, as sensitivity to
the oscillation signal depends on relative detected rates
at the various distances. The systematic uncertainty as-
sociated with the flux normalization is 10% if there is no
large water or oil detector available and 1.1% if such a
detector does exist [36]. A high statistics ⌫-electron scat-
tering measurement at a large water detector provides a
precise determination of the flux normalization.

IV. DETECTING COHERENT NEUTRINO
SCATTERING

Coherent neutrino-nucleus scattering, in which an in-
coming neutrino scatters o↵ an entire nucleus via neu-
tral current Z exchange [41], has never been observed
despite its well predicted and comparatively large stan-
dard model cross section. The coherent scattering cross
section is

d�

dT
=

G2
F

4⇡
Q2

W M

✓
1� MT

2E2
⌫

◆
F (Q2)2 , (3)

where GF is the Fermi constant; QW is the weak charge
[QW = N � (1 � 4 sin2✓W )Z, with N , Z, and ✓W as
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FIG. 1: Energy distribution of neutrinos from a DAR source.

the number of neutrons, number of protons, and weak
mixing angle, respectively]; M is the nuclear target mass;
T is the nuclear recoil energy; and E⌫ is the incoming
neutrino energy. The ⇠5% cross section uncertainty, the
actual value depending on the particular nuclear target
employed, is dominated by the form factor [42].
Coherent neutrino scattering is relevant for the under-

standing of type II supernova evolution and the future de-
scription of terrestrial supernova neutrino spectra. Mea-
suring the cross section of the process also provides sensi-
tivity to non-standard neutrino interactions (NSI) and a
sin2 ✓W measurement at low Q [31]. Cross section mea-
surements as a function of energy on multiple nuclear
targets can allow the cross section dependence on NSI
and ✓W to be isolated and understood. As demonstrated
here, neutrino oscillations can also be cleanly probed us-
ing coherent scattering.
The di�culty of coherent neutrino scattering detection

arises from the extremely low energy of the nuclear recoil
signature. For example, a 20 MeV neutrino produces a
maximum recoil energy of about 21 keV when scattering
on argon. Both a CDMS-style germanium detector [34]
and a single phase liquid argon detector, such as the one
proposed for the CLEAR experiment [33], are consid-
ered in this paper for detecting these low energy events.
Other dark matter style detector technologies, especially
those with ultra-low energy thresholds, can be e↵ective
for studying coherent neutrino scattering as well.

A. Experimental Setup

The envisioned experimental setup is consistent with
the current DAE�ALUS accelerator proposal and follows
a realistic detector design. A single DAE�ALUS cy-
clotron will produce 4⇥ 1022 ⌫/flavor/year running with
a duty cycle between 13% and 20% [37, 39]. A duty cy-
cle of 13% and a physics run exposure of five total years
are assumed here. With baselines of 20 m and 40 m,
the beam time exposure distribution at the two baselines
is optimal in a 1 : 4 ratio: one cycle to near (20 m),
four cycles to far (40 m). Instantaneous cycling between
targets is important for target cooling and removes sys-
tematics between near and far baselines associated with
detector changes over time. The accelerator and detector
location is envisioned inside an adit leading into a sharp
300 ft rise at the Sanford Research Facility at Homes-
take, in South Dakota. The neutrino flux normalization
uncertainty at each baseline is conservatively expected
at 1.5%. We assume the flux has been constrained to
this level by an independent measurement of ⌫-electron
scattering with a large water-based Cerenkov detector
also assumed to be in operation at Sanford Labs. The
1.5% uncertainty estimate takes into consideration the
theoretical uncertainty in the ⌫-electron scattering cross
section and the statistics achievable with a large water
detector. The flux normalization correlation coe�cient
between the near and far baselines is conservatively set

Fl
ux

Neutrino energy (MeV)

⌫ ⌫

⌫ ⌫

⌫

⌫

⌫

⌫

⌫
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DAEδALUS and δCP

Near site gives absolute normalization to 1% via νe-e 
Relative flux between sites can be constrained with νeO (νeC)

Near site Mid site Far site

δ = π/2

δ=0

Constrains initial flux Constrains rise probability Fit for                   appearance

⌫µ ! ⌫e

⌫µ ! ⌫e

21



0

5

10

15

20

25

30

35

-180 -135 -90 -45 0 45 90 135 180

!CP (degrees)

1
"
 !

 M
ea

su
re

m
en

t 
U

n
ce

rt
ai

n
ty

 (
d

eg
re

es
)

DAEdALUS@LENA
DAEdALUS@Hyper-K
DAEdALUS/JPARC(nu only)@Hyper-K

0

5

10

15

20

25

30

-180 -135 -90 -45 0 45 90 135 180

!CP (degrees)

1
"
 !

 M
ea

su
re

m
en

t 
U

n
ce

rt
ai

n
ty

 (
d

eg
re

es
)

LBNE
JPARC@Hyper-K
DAEdALUS/JPARC(nu only)@Hyper-K

Figure 16: Top: The sensitivity of the CP -violation search in various configurations: Dark Blue
– DAE�ALUS@LENA, Red-DAE�ALUS@Hyper-K, Black–DAE�ALUS/JPARC(nu-only)@Hyper-
K. Bottom: Light Blue– LBNE; Green– JPARC@Hyper-K [93] Black–DAE�ALUS/JPARC(nu-
only)@Hyper-K (same as above). See Table 5 for the description of each configuration.
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only)@Hyper-K (same as above). See Table 5 for the description of each configuration.
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Configuration Source(s) Average Detector Fiducial Run
Name Long Baseline Volume Length

Beam Power

DAE�ALUS@LENA DAE�ALUS only N/A LENA 50 kt 10 years

DAE�ALUS@Hyper-K DAE�ALUS only N/A Hyper-K 560 kt 10 years

DAE�ALUS/JPARC DAE�ALUS Hyper-K 560 kt 10 years
(nu only)@Hyper-K & JPARC 750 kW

JPARC@Hyper-K JPARC 750 kW Hyper-K 560 kt 3 years ⌫ +
7 years ⌫̄ [93]

LBNE FNAL 850 kW LBNE 35 kt 5 years ⌫
5 years ⌫̄ [89]

Table 5: Configurations considered in the various CP violation sensitivity studies.

tagging e�ciency, assumed to be 0.5%, and the antineutrino flux uncertainties that are constrained
as described next.

The DAE�ALUS CP violation analysis follows three steps. First, the absolute normalization of
the flux from the near accelerator is measured using the >21,000 neutrino-electron scatters from that
source in the detector, for which the cross section is known to 1%. The relative flux normalization
between the sources is then determined using the comparative rates of charged current ⌫

e

-oxygen (or
⌫
e

-carbon) interactions in the the detector. Since this is a relative measurement, the cross section
uncertainty does not come in but the high statistics is important. Once the normalizations of the
accelerators are known, then the IBD data can be fit to extract the CP -violating parameter �

CP

.
The fit needs to include all the above systematic uncertainties along with the physics parameter
uncertainties associated with, for example, the knowledge of sin2 2✓

13

and sin2 ✓
23

, which are assumed
to be known with an error of ±0.005 and ±0.01, respectively.

DAE�ALUS must be paired with water or scintillator detectors that have free proton targets. The
original case was developed for a 300 kt Gd doped water detector at Homestake, in coordination
with LBNE [91]. Subsequently, DAE�ALUS was incorporated into a programa with the 50 kt LENA
detector [92] (called “DAE�ALUS@LENA”). This paper introduces a new study, where DAE�ALUS
is paired with the Gd-doped 560 kt Hyper-K [93] (“DAE�ALUS@Hyper-K”). This results in inprece-
dented sensitivity to CP violation when “DAE�ALUS@Hyper-K” data is combined with data from
Hyper-K running with the 750 kW JPARC beam. (“DAE�ALUS/JPARC@Hyper-K”). In this sce-
nario, JPARC provides a pure ⌫

µ

flux, rather than running in neutrino and antineutrino mode. This
plays to the strength of the JPARC conventional beam, while DAE�ALUS provides a high statistics ⌫̄

µ

flux with no ⌫
µ

contamination. A summary of the assumptions for the various configuration scenarios
is provided in Table 5.

CP violation sensitivities have been estimated for 10 year baseline data sets for all the configura-
tions given in Table 5 using a ��2 fit with pull parameters for each of the systematic uncertainties.
For the DAE�ALUS configurations, data from all three neutrino sources are included along with the
neutrino-electron and ⌫

e

-oxygen (or ⌫
e

-carbon) normalization samples. As an example, Table 6 and
Figure 14 presents a summary of the events by category for the DAE�ALUS@Hyper-K configuration.
The precision for measuring the �

CP

parameter in the DAE�ALUS@Hyper-K configuration is given in
Table 7 for sin2 2✓

13

= 0.10 [88], both for the total and statistical-only uncertainty. The distribution
of the uncertainty as a function of �

CP

is shown in Figure 15. From these estimates, it is clear that,
even with the large Hyper-K detector, the measurement is dominated by statistical uncertainty. Also

23

arXiv:1307.6465#

δCP sensitivity
• DAEδALUS has strong δCP sensitivity by itself. 

• Can be combined with long-baseline data (e.g. Hyper-K) for enhanced 
sensitivity. 

• Good statistics with anti-neutrinos, no matter effects, orthogonal systematics. 

• Big discoveries want (need?) multiple, independent experiments.
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Figure 4: Sensitivity limit of DAR-LENA setup to sterile neutrino oscillation in the (3+1) model at 5�
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the detector. In the right panel, the 50 kt detector has a reach up to sin2 2✓µe = 0.0001 at
�m

2
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= 2 eV2 with 4⇥ 1021 ⌫̄µ.

5.2 Disappearance Mode

Both LENA and NO⌫A o↵er the possibility to study oscillations to sterile neutrinos in the
disappearance mode by using the CC reactions of ⌫e on 12C. In Table 6 we present the total
number of CC ⌫e scattering events on 12C in 5 to 50 kt LENA type detectors using the
information on the source and the detector characteristics from Table 1 and 3 respectively.
Column 4 and 5 show the number of survived events after oscillation using the two di↵erent
sets of (3+2) parameter values given in Table 2. The last column shows the total event rate
without any oscillation. Here we have used total flux of 4⇥ 1021 ⌫e with a neutrino energy
threshold of 33 MeV and an e�ciency of 80%. Table 7 shows the same for the 14 kt NO⌫A
far detector but with a neutrino energy threshold of 38 MeV and an e�ciency of 50%. We
can expect ⇠ thirty-four thousand events in NO⌫A with no oscillation considering only the
contribution of the transition of 12C to the 12N ground state [60]. From Table 6 we can
see that the impact of disappearance on the total event rate is 6.3%/23.4% for the A/B
parameter sets in the 50 kt LENA detector. One should note that this is not a mere counting
experiment and that the L/E pattern of the oscillations provides most of the measurement
sensitivity. This can be seen in Fig. 5 where we plot the ratio of events with and without
sterile oscillation as a function of the reconstructed L/E in the 50 kt LENA detector. With
an L range of 20 - 120 m and with an energy range of 33 - 52.8 MeV, the L/E-dependence

15

Combining DAEδALUS with an ultra-large detector (e.g. LENA) 
would provide excellent sensitivity to a sterile neutrino. 
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DAEδALUS and sterile neutrinos 



DAEδALUS and sterile neutrinos 
(w/ coherent scattering)

Cyclotron 
(proton source)

Detector

Baseline 2 (40 m)

⌫↵ ! ⌫ 6↵ (⌫↵ ! ⌫s) ?

Dark matter style  

Target 2

A dual-baseline oscillation search

Phys. Rev. D 86 013004 (2012)

Baseline 1 (20 m)

Target 1

24

Phys. Rev. D 84 013008 (2011)



Advantage of the neutral current in 
a sterile search

• The disappearance of neutrinos interacting via the neutral current is a strict 
probe of active-to-sterile oscillations. 

• No complicating contributions from active-to-active disappearance. 

• Could definitively establish the existence of the sterile neutrino, especially when 
considered in combination with charged-current-based searches.

25



OscSNS

10"

OscSNS"
$  LSND"approach"to"short"baseline"

oscilla8on"search"with"larger"detector"
(x5),"more"flux"(x2),"and"lower"duty"
factor"(x1000)"

$  Spalla8on"neutron"source"at"ORNL"

$ "~1GeV"protons"on"Hg"target"(1.4MW)"

$ "Free"source"of"neutrinos"

$ "Well"understood"flux"of"neutrinos"

$  3y"construc8on"beginning"in"2015"

ar
X

iv
:0

91
0.

19
89

v2
  [

he
p-

ex
]  

16
 O

ct
 2

00
9

Proceedings of the DPF-2009 Conference, Detroit, MI, July 27-31, 2009 1

The CLEAR Experiment
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The Spallation Neutron Source in Oak Ridge, Tennessee, is designed to produce intense pulsed neutrons for various
science and engineering applications. Copious neutrinos are a free by-product. When it reaches full power, the SNS
will be the world’s brightest source of neutrinos in the few tens of MeV range. The proposed CLEAR (Coherent Low
Energy A (Nuclear) Recoils) experiment will measure coherent elastic neutral current neutrino-nucleus scattering at
the SNS. The physics reach includes tests of the Standard Model.

1. Neutrino Production at the SNS

The Spallation Neutron Source (SNS) is a recently-
completed facility located at Oak Ridge National Labo-
ratory, TN: it provides the most intense pulsed neutron
beams in the world for use in a wide range of science and
engineering studies. The beam is pulsed at 60 Hz and
the expected power in the first phase is 1.4 MW. First
beam was attained in 2006, and the power has been grad-
ually increasing. Full power is expected in 2010. Some
upgrades are envisioned for the next decade, including a
power upgrade to 2-5 MW, and possibly a second target
station.

Neutrinos are produced as a free by-product when pro-
tons hit the SNS target. The collisions produce hadronic
showers including pions. Whereas π− get captured, π+

slow and decay at rest. The π+
→ µ+ + νµ decay at rest

produces a prompt, monochromatic 29.9 MeV νµ. The
µ+ then decays on a 2.2 µs timescale to produce a ν̄µ and
a νe with energies between 0 and mµ/2. The ν̄e flavor is
nearly absent from the flux. See Figures 1 and 2. About
0.13 neutrinos per flavor per proton are expected, which
amounts to about 107 per flavor at 20 m from the tar-
get (Avignone and Efremenko [2003]). The short-pulse
time structure of the SNS is also advantageous: for a 60
Hz rate, the background rejection factor is a few times
10−4.

Past experiments have successfully used simi-
lar stopped-pion ν sources: examples are LAN-
SCE at LANL, which hosted the LSND experi-
ment (Athanassopoulos et al. [1997]), and ISIS at RAL,
which hosted KARMEN (Zeitnitz [1994]). However
the SNS has far superior characteristics for neutrino
experiments compared to any existing or near-future
source.

Neutrino energy (MeV)
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Figure 1: Stopped-pion neutrino spectrum, showing the dif-
ferent flavor components.

Figure 2: Timing of the SNS pulse with respect to the neu-
trino fluxes.
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• A proposed LSND-style decay-at-rest experiment at the 
1.4 MW SNS (1 GeV protons on an Hg target).  

• $20M-scale. 
• Can provide definitive coverage of the sterile neutrino 

anomaly region with an 800 ton LS detector, 60 m away.  
• Cross section measurements relevant for supernovae 

as well (12C). 
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LSND OscSNS Notes

Baseline 30 m 60 m Reduced in-beam background

Orientation Detector in front of 
beam

Detector behind  
beam Reduced in-beam background

Beam power 0.8 MW 1.4 MW

Beam pulse 600 μs,120Hz 695 ns, 60 Hz Reduced steady-state 
background

Beam kinetic energy 798 MeV 1000 MeV

Detector mass 167 ton 800 ton

Detector technology Liq. scint. w/ 25% 
photocoverage

Liq. scint. w/ 25% 
photocoverage

Better PMT QE expected in 
OscSNS

OscSNS seems to solve all of the usual quibbles about LSND
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OscSNS sensitivity

OscSNS White Paper, arXiv:1307.709711"

OscSNS"Physics"Goals"
•  Prove"or"disprove"existence"of"sterile"neutrinos"by"observing"oscilla8ons"in"

the"detector"with"a"NC"reac8on"

•  Short"baseline"νe"appearance"

•  Short"baseline"νe"and"νµ"disappearance"

•  Neutrino"cross"sec8on"measurements"

28



OscSNS, the LSND approach
• There is a reason the LSND anomaly still exists almost 15 years later. It was a 

pretty sensitive experiment!  

• The Spallation Neutron Source at Oak Ridge, by far the most intense source 
of non-reactor neutrinos in the world (1.4 MW of protons on target) is in need 
of neutrino detectors! Remember that the BNB is ~32 kW of protons (in an 
admittedly apples-to-oranges comparison)! 

• If you can rule out LSND with an LSND-style experiment, you have definitively 
resolved the sterile neutrino issue. 

• If you can rule out LSND with a pion DIF experiment in neutrino mode, there 
still may be questions. See: differences between neutrinos and anti-neutrinos.
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JPARC-P56

Example of design 

• The JPARC-P56 experiment (proposed Stage 1 approval, $5M scale) is very similar to 
OscSNS. 

• An eventually 1 MW spallation source, with 3 GeV protons on a Hg target. 

• Phased approach with “Phase 1” proposal to put 2x25ton Gd-LS detectors ~20 m (TBD) away 
from the source to do an LSND-style experiment.  
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Result of the RCS 1-MW trial

8.32 x 1013 : 999 kW-eq

7.24 x 1013 : 869 kW-eq

6.17 x 1013 : 741 kW-eq

7.71 x 1013 : 926 kW-eq

6.70 x 1013 : 804 kW-eq

5.66 x 1013 : 679 kW-eq

2014/12/27

2014年12月27日午前7時31分
１バンチ当たりの粒子数：8.32ｘ1013

（～1MW)
ビーム加速成功！

x 1013

1 MW demonstrated at 
JPARC-MLF!
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-From T. Maruyama

Please note: 
this was a short test! 

RCS/MLF is now slowly increasing the 
beam power from 300 kW (current) to 

maybe ~500 kW in this JFY.



Detector  
• Concept; minimizing dead spaces 

(for vertex rec.) and powerful 

cosmic ray rejection.  

• Main scintillators; (borrowed 

from LEPS2 experiment (RCNP)) 

– 24 scintillators in total.  (~500kg) 

– 4 scintillators / layer and 6 layers  

– Each scintillator has 4 PMTs, and 2 

PMTs / one side 

• Inner cosmic veto (yellow) 

– 4.3cm thickness scintillators 

– One side readout. 

– Rejection Efficiency >~  99.5% 

• Outer cosmic veto (blue) 

– To compensate dead space of inner 

vetos. 

– 1m x 1m or 1m x 2.3m, 1cm (t) 

scintillators are used. 
~3.5m 

~1.5m 

~1.0m 

• Direct measurements have been made w/ 500 kg 
of plastic scintillator and smaller ~10 kg detectors 
with various levels of shielding and at various 
positions relative to the source. 

• Beam fast neutrons 

• Accidentals 

• Prompt; gammas or neutrons from cosmics. 

• Delayed; gammas or neutrons from beam.

Is background at MLF ok?
32

Detector and Detection Principle (reminder) 

3 

Target volume => Gd-loaded LS 
(25tons x 2 detector ~ total 50tons) 
 
 

Delayed Coincidence (IBD) 

Detector 

Identify ν with detecting 
 e+ and γs from n capture on Gd. 
=>Can reduce accidental BKG 
    (Gd~8MeV γs, capture time ~ several tens μs). 

IBD Signal in the detector 

νμ => 
oscillation 

150 10” PMTs/detector 
E resolution ~ 15%/√MeV 

Selection criteria for IBD  
Time from beam Energy 

Prompt signal 1<T<10μs 20<E<60MeV 

Delayed signal T<100μs 6<E<12MeV 

Goal of this BKG Measurements 
• Direct measurements by a 500kg plastic scintillator 

and 10kg level small detectors  
– Beam fast neutrons (n+p (or C) -> X+π; π-> µ -> e). This 

was observed at BL13 (1st floor of MLF) 

– For accidental background estimation; 
• Prompt;  Gammas or Neutrons induced by cosmic rays 

• Delayed;  Gammas and neutrons induced by beam 

• Measured BKG rate Æ  detectors of P56 
experiment (25tons detector x 2) using MC. 

 

• Estimate whether we can perform the experiment 
 

From T. Maruyama



• Fast neutron background is OK for 
IBD at 24 m baseline. 

• Some additional lead shielding is 
required for accidental gammas. 

• Shielding may be an issue for in-time 
events (pion and kaon neutrinos). 
This requires further study.
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Figure 4: Correlation between energy and timing of the events observed at Point 2.
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From T. Maruyama

Delayed2;'beam'n'
p'bunch'

• TopOright;'E'vs'T'by'500kg.'Orange'region'is'
used'to'estimate'the'neutron'flux'from'Hg.''

• This'onObunch'neutron'is'thermalized'and'
captured'by'Gd'in'the'25'ton'detector.'�'
makes'delayed'BKG.''0.016/spill/MW/25t'

• OnObunch'neutron'hit'and'delayed'captured'
gamma'has'a'strong'spatial'correlation.''
(bottomOright;'red'distance'distribution)'''

• This'correlation'is'useful'to'eliminate'the'
delayed'BKG.'(no'correlation'events'such'as'
neutrino'has'random'phase'space'(blue))'

• Energy'loss'in'the'buffer'region'on'the'
proton'bunch'timing'also'helps'to'identify'
the'onObunch'neutrons.''

• Using'cuts'above;''
• Remained'delayed'n'rate;''

0.0004/spill/MW/25ton� '

• Inefficiency'for'neutrinos;''3.9%'

'
'

neutrons'
(10<Tn<200'
MeV)'on0bunch'

�'

thermalized'

p'

97.4%'

11%'

Is background at MLF ok?

Detector and Detection Principle (reminder) 

3 

Target volume => Gd-loaded LS 
(25tons x 2 detector ~ total 50tons) 
 
 

Delayed Coincidence (IBD) 

Detector 

Identify ν with detecting 
 e+ and γs from n capture on Gd. 
=>Can reduce accidental BKG 
    (Gd~8MeV γs, capture time ~ several tens μs). 

IBD Signal in the detector 

νμ => 
oscillation 

150 10” PMTs/detector 
E resolution ~ 15%/√MeV 

Selection criteria for IBD  
Time from beam Energy 

Prompt signal 1<T<10μs 20<E<60MeV 

Delayed signal T<100μs 6<E<12MeV 



0 100 200 300
-810

-710

-610

-510

-410

-310

-210

-110

0 100 200 300

-610

-510

-410

-310

-210

energy[MeV]

#ν
/2
M
eV
/P
O
T

�̄µ

�µ
�̄e
�e

0 500 1000 1500 2000
-810

-710

-610

-510

-410

-310

-210

time[ns]

#ν
/1
0n
s/
PO
T

� from µ
� from �
� from K

� total

time
80ns 80ns

540ns

Figure 8: The energy spectra of neutrinos from pion and kaon decays which are
based on Geant4 [19] calculations (top). This tends to be at the low end of neutrino
yeild estimates of various particle production models. Time distribution of neutrinos
from pion, muon and kaon decays is shown in the bottom plot. Neutrino beams from
muon decay at rest only survive after 1 µs from the start of proton beam.
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νμ
ν̅μ
νe
ν̅e

Detect with:
⌫ep ! e+n

Background

LSND-style
⌫µ ! ⌫e ?

M. Harada et al,  
arXiv:1310.1437 [physics.ins-det] 
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JPARC-P56 sensitivity
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Figure 27: Sensitivity of the P56 experiment with the latest configuration (MW⇥5
years). Blue line shows the 5�, while the green one shows 3�. The exclusion line of
the OPERA experiment are also put [5]. The righthand side region of the line are
excluded with 90% C.L..

During the detector construction phase, we build the two detectors sequentially
(not in parallel). Thus, we can check the background rate and the energy shape
with one detector at first. During this phase, the best hardware configuration, e.g.
shielding, can be also examined. This provides good feed-backs to the other detector
configuration and the whole experiment within the short time scale.

5.2 Experimental Feasibility

The design of the detector tank is already discussed in the last part of this docu-
mentation. It provides not only the static strength of the tank, but also the endurance
of the tank against earthquakes.

We will also prepare a document for other hardware feasibilities. PMTs, electron-
ics, maintenance of the detector will be discussed in the document in detail although
part of them were already discussed in the proposal. The detector design is similar
to the reactor experiments (well established detector), therefore the crucial point to
discuss is the location of the detector and the maintenance of the detector. Note that
we have to bring the detector out from the MLF building once per year for the MLF
maintenance at least.
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Sterile neutrino sensitivity with muon  
decay-at-rest at the JPARC-MLF facility

“Phase 1”
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νμ
ν̅μ
νe
ν̅e

Detect with:
⌫e 12C ! e� 12Ngs⌫e ! ⌫ 6e ?

Electron disappearance

M. Harada et al,  
arXiv:1310.1437 [physics.ins-det] 
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νμ
ν̅μ
νe
ν̅e

Detect with:
⌫µ ! ⌫e ? ⌫en ! e�p

Background

Kaon decay-at-rest

M. Harada et al,  
arXiv:1310.1437 [physics.ins-det] 
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Cross section measurements with 
monoenergetic muon neutrinos

Phys. Rev. D 89 073007 (2014)
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This unique neutrino can be used 
to provide a set of cross section 

measurements at a known-energy.

• Reducing systematics associated with 
long baseline near/far comparison. 

• Neutrino as a probe of the nucleus. 
• For the first time ever, we can probe 

the nucleus with a known-energy 
(muon) neutrino.
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Neutrino flux at JPARC-P56



• The 236 MeV muon neutrino can provide differential cross sections in muon 
angle and kinetic energy for a known neutrino energy. This “standard candle” 
would be unprecedented. 

• This is especially relevant for those experiments which solely rely on muon 
kinematics for reconstructing the neutrino energy. 
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Cross section measurements with 
monoenergetic muon neutrinos
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FIG. 2: (Color online) T2K νµ flux energy distributions in the near detector (ND) and far detector

(FD) for tho sets of oscillation parameters according to Ref. [11] and Ref. [16].

is :

ΦFD
νµ

(Eνµ) =

[

1− 4 cos2 θ13 sin
2 θ23(1− cos2 θ13 sin

2 θ23) sin
2

(

∆m2
32L

4Eνµ

)]

ΦND
νµ

(Eνµ). (5)

We use this expression as a definition of the far detector flux. We have kept in this expression

the influence of the angle θ13, which is now measured [15]: sin2 θ13 = 0.024 ± 0.004. Its

effect is not totally negligible and it partly fills the dip of the energy distribution in the

far detector. The oscillated νµ distribution is shown as well in Fig. 2 for the values of the

parameters of Ref. [16] and also for the best fit values of T2K [11] where the effect of θ13

is ignored. The products σ(Eνµ)Φνµ(Eνµ) which represent the distributions of muon events

before reconstruction in the close and far detector are shown in Fig. 3. We now apply

our smearing procedure to these distributions and we obtain the smeared curves also shown

in Fig. 3. The salient features are the broadening effects. In the close detector there is

clear low energy enhancement, an effect of the multinucleon component. In the far detector,

where the unsmeared distribution displays a pronounced dip, the smeared one acquires a

low energy tail and the middle hole is largely filled, an effect also largely due to the np-

nh cross section. All these smearing effects can be described as a tendency to escape the

regions of high fluxes when one goes from true to reconstructed energies. We remind that

9

40
Table 2. Number of neutrinos per m2 crossing a surface placed on–axis at a distance of 100 km
from the target station during 200 days for 2.0 GeV protons and positive and negative horn current
polarities.

positive negative

N⌫ (⇥1010)/m2 % N⌫ (⇥1010)/m2 %

⌫µ 396 97.9 11 1.6

⌫̄µ 6.6 1.6 206 94.5

⌫e 1.9 0.5 0.04 0.01

⌫̄e 0.02 0.005 1.1 0.5
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Figure 3. Neutrino fluence as a function of energy at a distance of 100 km on–axis from the
target station, for 2.0 GeV protons and positive (left) and negative (right) horn current polarities,
respectively.

are directed towards the detector). The horn focusing allows to enhance the number of

neutrinos directed towards the detector by a factor 7.4.

6 Underground Detector Site

In the search for a suitable site for the large underground Water Cherenkov detector some

preliminary investigations have been made of the Northern Garpenberg mine at 540 km

NNW of the ESS site in Lund. The construction of the ore hoist shaft of this mine and the

nearby decline (descending transport tunnel) started in the 1960s. The current shaft depth

of 830 m was reached in 1994 and the depth of the decline (of cross section 5⇥6 m2), which

was 1000 m in 1998, has later been extended to 1230 m. In 2012 300000 tons (=110000 m3)

of ore was transported with trucks on the decline up to the shaft hoist at 830 m depth and

hoisted up to the ground level. The hoist, shaft and head–frame (hoist surface tower) will

no longer be used as from end of 2014. To preserve them will require their maintenance.

– 10 –
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Direct relevance to future  
CP violation searches



Figure 4: Comparison of the fluxes from SPL and βB.

reconstruction. As ultimate goal suggested in Ref. [16] a 2% systematical error is used
as default both for signal and background, this would be achieved by a special care of the
design of the close position. However, we discuss also how a 5% systematical error affects the
sensitivities. Using neutrino cross-sections on water from Ref. [33], the number of expected
νµ charged current is about 98 per kt yr. In Fig. 4 we compare the fluxes from the SPL to
the one from the βB.

3.4 The atmospheric neutrino analysis

The simulation of atmospheric neutrino data in MEMPHYS is based on the analysis pre-
sented in Ref. [30], with the following differences:

• We replace the neutrino fluxes at Kamioka with those at Gran Sasso. We use the
Honda calculations [54], which unfortunately are not yet available for the Fréjus site.
However, since the fluxes increase with the geomagnetic latitude and Fréjus is northern
than Gran Sasso, our choice is conservative.

• We take into account the specific geometry of the MEMPHYS detector. This is partic-
ularly important to properly separate fully contained from partially contained events,
as well as stopping muon from through-going muon events.

• We divide our total data sample into 420 different bins: fully contained single-ring
events, further subdivided according to flavor (e-like or µ-like), lepton momentum (8
bins: 0.1–0.3, 0.3–0.5, 0.5–1, 1–2, 2–3, 3–5, 5–8, 8–∞ GeV) and lepton direction (20
bins in zenith angle); fully contained multi-ring events, further subdivided according
to flavor (e-like or µ-like), reconstructed neutrino energy (3 bins: 0–1.33, 1.33–5, 5–
∞ GeV) and lepton direction (10 bins in zenith angle); partially contained µ-like events,
divided into 20 zenith bins; up-going muons, divided into stopping and through-going
events, and in 10 zenith bins each.
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section by decreasing the solenoid field from 3.7 to 1.0 T is
to adiabatically convert partial transverse momentum to
longitudinal momentum, which is similar to the matching
section in the pion decay channel. The divergence angle

distributions of the muon beam before and after the
adiabatic section are shown in Fig. 16. This is very important
to reduce the transverse divergent angle for the muon beam
which is critical to obtain a required neutrino spectrum with
an average energy larger than 200 MeV at a far detector of
150 km in distance, because the high-energy neutrino is
emitted only within a very small solid angle with respect to
the muon’s direction. Figure 17 shows the neutrino energy
dependence on the divergent angle and momentum of a
muon. The Focusing-Drift-Focusing-Drift focusing channel
has a transverse acceptance of 65 πmm rad for the reference
momentum with a beam pipe of 800 mm in diameter.
The total muon beam intensity in the decay channel is
1.0 × 1015 μþ=s or 1.8 × 1022 μþ=y, and the neutrino yield
(in pair) is 5.4 × 1021 ν=y which is more than twice the one
at the Neutrino Factory. The neutrino spectra at the far
detectorwith simulated particles are shown in Fig. 18, which
does not take into account neutrino oscillations [56]. The
averaged energy for muon antineutrinos is about 240 MeV,
and the neutrino flux is 4.7 × 1011 ν=ðm2yÞ at the far
detector which is lower than at the NF due to smaller γ or
lower energy. The neutrino fluxes for different capture fields
are summarized in Table IV.
To limit the background by the decays of the pions which

survive into the muon channel below 1% in the neutrino
flux at the far detector, we can use methods either by the
combination of the momentum selection in the chicane and
the bending sections or by prolonging the pion decay
channel from 50 m to about 100 m or by both methods.
Similar to the muon beam discarded by the muon beam

selection section, the remaining undecayed muons at the
end of the muon decay channel can also be used for other
muon applications.

V. DETECTOR CONCEPT

Amuon decay produces two neutrinos of different lepton
charges and flavors, namely, a muon antineutrino and an
electron neutrino for a μþ decay, a muon neutrino and an
electron antineutrino for a μ− decay. Thus taking into
account that partial neutrinos will change their flavors
during the flight, all four neutrino flavors are present and
the detector should be able to distinguish the charge and the
flavor of neutrinos. It should also be able to distinguish
charge current interactions (CC) from neutral current
backgrounds, which could be very small in the case of
low energy neutrino beams.

FIG. 16. Divergence angle distributions before and after the
adiabatic matching section in the case of 14 T capture field.

FIG. 17. Neutrino energy dependence on the divergent angle
and momentum of a muon (this figure needs to be changed with
“divergent angle”).

FIG. 18. Muon antineutrino energy spectra at the far detector of
150 km.

TABLE IV. Neutrino fluxes at the far detector for different
capture fields at the target.

Field level Neutrino flux [ν=ðm2 yÞ]
7 T field 2.1 × 1011

10 T field 3.3 × 1011

14 T field 4.7 × 1011

MUON-DECAY MEDIUM-BASELINE NEUTRINO … Phys. Rev. ST Accel. Beams 17, 090101 (2014)
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I. INTRODUCTION

The energy spectrum of high-energy leptons !elec-
trons in particular" scattered from a nuclear target dis-
plays a number of features. At low energy loss !"",

peaks due to elastic scattering and inelastic excitation of
discrete nuclear states appear; a measurement of the
corresponding form factors as a function of momentum
transfer #q# gives access to the Fourier transform of
nuclear !transition" densities. At larger energy loss, a
broad peak due to quasielastic electron-nucleon scatter-
ing appears; this peak—very wide due to nuclear Fermi
motion—corresponds to processes by which the electron
scatters from an individual, moving nucleon, which, after
interaction with other nucleons, is ejected from the tar-
get. At even larger ", peaks that correspond to excita-
tion of the nucleon to distinct resonances are visible. At
very large ", a structureless continuum due to deep in-
elastic scattering !DIS" on quarks bound in nucleons ap-
pears. A schematic spectrum is shown in Fig. 1. At mo-
mentum transfers above approximately 500 MeV/c, the
dominant feature of the spectrum is the quasielastic
peak.

*benhar@roma1.infn.it
†dbd@virginia.edu
‡ingo.sick@unibas.ch

FIG. 1. Schematic representation of inclusive cross section as a
function of energy loss.
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I. INTRODUCTION

The energy spectrum of high-energy leptons !elec-
trons in particular" scattered from a nuclear target dis-
plays a number of features. At low energy loss !"",

peaks due to elastic scattering and inelastic excitation of
discrete nuclear states appear; a measurement of the
corresponding form factors as a function of momentum
transfer #q# gives access to the Fourier transform of
nuclear !transition" densities. At larger energy loss, a
broad peak due to quasielastic electron-nucleon scatter-
ing appears; this peak—very wide due to nuclear Fermi
motion—corresponds to processes by which the electron
scatters from an individual, moving nucleon, which, after
interaction with other nucleons, is ejected from the tar-
get. At even larger ", peaks that correspond to excita-
tion of the nucleon to distinct resonances are visible. At
very large ", a structureless continuum due to deep in-
elastic scattering !DIS" on quarks bound in nucleons ap-
pears. A schematic spectrum is shown in Fig. 1. At mo-
mentum transfers above approximately 500 MeV/c, the
dominant feature of the spectrum is the quasielastic
peak.
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FIG. 1. Schematic representation of inclusive cross section as a
function of energy loss.
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Cross sections at low 
Q2  

Comparison between 
inclusive cross sections 
obtained within a 
relativistic Fermi gas 
calculation, a relativistic 
plane wave impulse 
approximation (RPWIA) 
approach, a mean-field 
calculation, and a 
calculation including 
CRPA correlations 
implemented using a 
Skyrme parametrization 
as residual interaction. 

 
Low-energy neutrino-nucleus cross sections 

Natalie Jachowicz                                                                                           NuInt12, Rio, October 22-27 2012 
           

MiniBooNe 
• For the first time, we can make these measurements with neutrinos! 

• A known-energy, purely weak interacting probe of the nucleus.

Neutrinos as a nuclear probe

Various ways to treat the nucleus

300 MeV muon neutrino  
charged current events

}

N. Jachowicz
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Which model of the nucleus, 
relevant for neutrinos, is correct?

Phys. Rev. D 89 073007 (2014)



Kaon decay-at-rest at  
JPARC-P56

45

Detector 
(source) Target (mass) Exposure Distance 236 MeV

νμ CC
100-225 MeV 

νe CC

Liq scint 
(JPARC-MLF) Gd-LS (50 ton) 1.2E23 POT 

(4 years) 17 m 194000 6500

The actual distance is  
“to be determined”



Decay-at-rest at FNAL 1
MicroBooNE

NuMI dump
NuMI neutrino beam line

NuMI target station

120 GeV protons 
@600 kW

(102 m)

The NuMI target is  
2 interaction lengths

Detector (source) Target (mass) Exposure Distance 236 MeV
νμ CC

MicroBooNE 
(600 kW NuMI 

off-axis)
LAr (90 ton) 1.2E21 POT    

(2 years) 102 m 2300
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Decay-at-rest at FNAL 2

BNB dump

MiniBooNE target station

8 GeV protons 
@32 kW

Coherent neutrino  
scattering detector

(20 m)
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15

Energy Threshold Signal Background

(keVee/keVnr) 6 p.e./keVee 8 p.e./keVee 10 p.e./keVee 12 p.e./keVee

5/20 320 228 69 21.6 6.8

7.5/30 196 11.5 1.5 0.21 0.03

10/40 136 0.45 0.02 0.001 —

TABLE I. CENNS signal and 39Ar background (events/year) for a 1 ton detector assuming 50% acceptance in rejecting electron
and gamma background. The background rate is determined for the energy window between energy threshold and 100 keVnr

(25 keVee).

with light yield as high as 12 p.e./keVee. As can be seen
in Table I, this would yield a detector with an energy
threshold as low as 6 keVee (24 keVnr) that is essentially
free of steady state and detector-related background.

In addition to 39Ar in the sensitive volume, there are
external backgrounds arising from the detector construc-
tion materials themselves. Table II contains a projec-
tion of the non-39Ar backgrounds after scaling the Mini-
CLEAN backgrounds to a 1-tonne detector target and
appropriate surface area [61]. Unlike a dark matter de-
tector, the CENNS detector can employ the full target
mass without fiducialization since the duty factor of the
BNB is such as to make the steady backgrounds from
neutron backgrounds and surface radon progeny negli-
gible. Therefore, CENNS experiment does not require
this extreme level of radon background control. Hence,
we assume 100 /m2/day or lower of modest level radon
daughter decay rate in the energy region of interest which
is reasonably achievable [63].

FIG. 19 shows the event rate of CENNS in a one ton
liquid argon neutrino detector given a neutrino flux of
5 ⇥ 105⌫/cm2/s when the detector is located 20m away
from the target at a far-o↵-axis site. Assuming flat
⇠50% detection e�ciency, which is mostly from the PSD
cut e�ciency [59, 60], we expect about ⇠250 CENNS
events/ton/year at 25 keVnr energy threshold after back-
ground subtraction (at 32 kW beam power). The beam-
induced neutron backgrounds and systematic uncertain-
ties are discussed in the following sections.

B. Neutron Shielding

The measured beam-induced neutrons (see FIG. 14)
can be significantly reduced with proper shieldings. The
fast neutron component, above 100MeV, requires special
attention in shielding design. These neutrons may slow
down in the shielding material itself and then become a
more di�cult background component with slower neu-
trons of less than a few MeV energy. We carried out
MCNP and Geant-4 based Monte Carlo simulations in
order to evaluate the overall level of neutron shielding
that is needed for a CENNS experiment. We used the
measured beam-induced neutron fluxes as input to the
simulation. We found these neutron fluxes can be sub-
stantially suppressed by more than 7 orders of magnitude
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FIG. 19. Number of expected CENNS events with far-o↵-axis
BNB (32 kW) neutrino flux. The liquid argon detector is as-
sumed to be located at 20m away from the target. The beam-
induced (cosmogenic) neutron background estimated based
on SciBath measurements and assuming 7m (4m) of concrete
shielding but without water shielding (see FIG. 20). Flat 50%
detection e�ciencies are applied for nuclear recoil events.

after 7m of concrete shielding. FIG. 20 shows results of
the MC from a Geant-4 based simulation. MCNP results
are consistent with the Geant-4 results. We also found
that measured cosmogenic neutrons can be significantly
suppressed with 4m of concrete shielding. Given these
levels of concrete shielding, the total number of neutrons
that enter the detector’s water shielding within the de-
tector livetime can be less than 20 neutrons/m2 per year
of operation time.
The neutrons entering the water shielding (10m in

diameter) are then passed to the liquid argon detector
in Geant-4 MC. In order to boost statistics of neutrons
we simulated one million neutrons, then scaled to the
expected input neutron fluxes. The resulting neutron-
nucleus event rate in the liquid argon detector with water
shielding is negligible (less than 10�3 events/ton/year).
Therefore in FIG. 19, we show MC results of neutron-
nuclear recoil events without water shielding but with

Coherent neutrino detection at Fermilab
• There is a decay-at-rest neutrino component 

to the Booster Neutrino Beam, dominating at 
far-off-axis.  

• A WIMP-detector-like single-phase Ar-based 
device could collect ~200 events/ton/yr at 
20 m from the target. 

Event rate 20 m from BNB target

Envisioned experimental setup
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10 p.e. bins for p:e: < 1000 and 100 p.e. bins for
p:e: ≥ 1000. A least-squares fit was performed with each
20 MeV neutron energy bin scaled by an independent fit
parameter. During the fit, these fit parameters were con-
strained to be strictly decreasing as the neutron energy
increases. These constraints were relaxed and other sim-
ulation configurations were studied in other tests of
systematic uncertainties. The resulting neutron energy
spectra changed very little as the constraints were relaxed.
Figure 14 shows the unfolded neutron spectrum per

pulse per m2 with the systematic uncertainties added in
quadrature with the fit uncertainty. The total energy
resolution is approximately 30% near the 60 p.e. threshold,
and this gives an effective neutron energy threshold of
approximately 10 MeV. From the unfolded neutron energy
spectrum, we find the total number of neutrons above
10 MeV per pulse per m2 is 6.3! 0.7. Shielding the low-
energy neutron flux should not be challenging, but shield-
ing will moderate high-energy neutrons to potentially
problematic energies in the CENNS detector. With this
in mind, the neutron flux above 40 MeV is particularly
dangerous as a background, and we measure 2.4! 0.3
neutrons per pulse per m2 above 40 MeV. Above 200 MeV,
the SciBath detector loses sensitivity because recoiling
protons at these energies are no longer fully contained by
the detector. Fits above 200 MeV show very little signifi-
cance, and the correlation matrix for the fit shows that we
are unable to differentiate higher energy neutrons from
200 MeV neutrons.

5. Systematic uncertainties

In the analysis, we identified four classes of uncertainties
to the neutron energy spectrum: energy scale calibration,
fiducial cut, fit uncertainty, and the threshold. The dom-
inant uncertainty above 60 MeV is due to extrapolating the
energy scale calibration defined at approximately 400 p.e.
(6 p.e./MeV) from cosmic ray muons to higher energies.
We found that this conversion factor varied by 5% for a
number of reasons: uncertainty of the muon path lengths,
detector energy resolution, p.e. counting statistics, light
collection efficiency as a function of position, muon input
into the MC, and analysis cuts. Above the 10 MeV neutron
energy threshold, the variation of the Birks’ law coefficient
kB had a negligible impact when compared to the other
systematic uncertainties.
At low neutron energy, the choice of fiducial cut,

uncertainty of the p.e. threshold, and the fit contribute
roughly equally to the total uncertainty. The extraction of
the neutron energy spectrum with the unfolding procedure
should be independent of the choice of the central detector
fiducial if the MC is correct. The neutron energy spectrum
in Fig. 14 uses the entire detector, but we found very little
variation, even down to 10% of the total volume. Its effect
on low neutron versus high neutron energies can be
understood, because attenuation at the detector edges is
stronger for low-energy neutrons, whereas high-energy
neutrons are more penetrating, and produce longer track
proton recoils with average positions closer to the center of
the detector. Because we do not have neutron-gamma
discrimination at low energies, we set the p.e. threshold
to 60 to remove gamma rays below 10 MeV. Due to gain
shifts during the run and the extrapolation of the energy
calibration to low energy, we found that a 10% variation in
threshold was reasonable, and we used the MC to examine
this variation on the unfolded neutron spectrum. As expec-
ted, the threshold will vary the first bin (10–20 MeV) very
strongly, but has no effect above 40 MeV.

6. Cosmogenic neutron flux

For 10 ms after each beam trigger, we collected back-
ground events with a total exposure of 8.5 × 104 s. The
raw p.e. spectrum is shown in Fig. 15, and the peak
centered at 400 p.e. contains the minimum-ionizing, cosmic
ray muons. To extract the neutron p.e. spectrum, the total
p.e. plot is fit to a double exponential plus the muon
response functions as calculated by the Monte Carlo. The
double exponential is then fit with the same least-squares
fitting procedure that was used for the in-beam data set.
Gordon et al. [57] give a parameterization of the expected
background neutron flux. For comparison, we applied our
MC response function to the Gordon spectrum to generate
the expected p.e. spectrum we would measure in our
detector. The p.e. spectrum from Gordon was scaled by
the effective area for neutron acceptance and by the total
exposure time. To match the measured data, an additional
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FIG. 14 (color online). The measured neutron energy
spectrum by SciBath 20 m behind the proton target is shown.
We measure 3.55! 0.38 neutrons per m2 per beam pulse above
40 MeV, and the low-energy bin is strongly influenced by
the detector threshold. The SciBath sensitivity above 200 MeV
is significantly reduced, and these energy bins have large
uncertainties.

S. J. BRICE PHYSICAL REVIEW D 89, 072004 (2014)

072004-12

Is neutron background at the 
BNB ok?

• Yes. 

• The fast neutron background has 
been measured using the 
SciBATH detector (82 L of liquid 
scintillator).

Phys. Rev. D 89 072004 (2014)
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Decay-at-rest at FNAL 3

BNB dump

MiniBooNE target station

8 GeV protons 
@32 kW

LArTPC detector

(10 m)
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CAPTAIN at the BNB

Figure 2: Schematic drawing of the CAPTAIN detector and a component view of TPC [28].

The proposed work includes essential studies for neutron background shielding, deploying
the CAPTAIN detector at the BNB, operation of the detector, carrying out data analysis and pub-
lishing the results. We emphasize that this task is practicable in a cost-effective and timely manner
at Fermilab due to Fermilab’s existing infrastructure, technical and engineering human resources
who developed LArTPC detectors, and consistent support from the lab on neutrino physics.

B1. The CAPTAIN detector

The CAPTAIN detector is a 5 ton fiducial mass LArTPC which is under construction at Los
Alamos National Laboratory (LANL). The initial detector commissioning and test at LANL is
to be completed in early 2016. The portable design of the detector system places the CAPTAIN
program in a unique position to address many aspects of scientific and technical issues pertaining
to a LArTPC. The detector is particularly suitable to study the neutrino interactions in the energy
range of supernova neutrinos, in which the interactions would be fully contained in the detector
fiducial volume. Figure 2 shows the schematic drawing of the detector and component view of
TPC. The chamber can hold a total of 7,700 liters of liquid argon instrumented with a 2,000 channel
TPC and a photon detection system. The outer cryostat is 107.5 inches in diameter and 115 inches
tall. All instrumentation and cryogenics are made through the vessel top head. The vessel also
has side ports allowing optical access to the liquid argon volume for the laser calibration system
or other instrumentation.
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Figure 5: The left figure shows the neutrino cross sections relevant to the supernovae detection
with an argon TPC detector [37]. The right figure shows the neutrino interaction rates in the CAP-
TAIN detector for each neutrino flavor as a function of incident neutrino energy at 10 m away from
the BNB target. Note, the detector (LArTPC) response of these neutrino interactions is not well
understood and is a part of the proposed study.

ulation was carried out in neutrino mode with 173 kA horn current and 8 GeV proton momentum.
Figure 4(a) shows the angular distribution of the neutrino flux 20 m away from a reference point
of the upstream end of the decay pipe where the angle is measured from on-axis. The flux of the
neutrinos, at the 32 kW maximum Booster power (5 ⇥ 1012 protons on target per pulse), is esti-
mated to be about 105n/cm2/pulse per flavor with 5 Hz frequency within a pulse width of 1.6 µs.
Hence, the neutrino flux per unit time is about 5⇥105n/cm2/s. Figure 4(b) shows the energy spec-
trum of neutrinos at angles less than cos q < 0.7 which is dominated by neutrinos from stopping
pion decay. The pion decay at rest (p+ ! µ+nµ) produces a prompt and monochromatic nµ at
29.9 MeV. The µ+ then decays on a 2.2 µs timescale to produce a n̄µ and a n

e

with energies between
0 and mµ/2. In Figure 4(b), the nµ, n

e

and n̄µ spectra follow the stopping p+ decay kinematics.
The small nµ bump at ⇠100 MeV is due to the neutrinos from µ� capture on nuclei. The peak at
235.3 MeV is from kaon decay at rest. These nµs above 50 MeV are potential background sources
since the interaction of neutrinos may scatter off neutrons from nuclei nearby or inside the detec-
tor. Depending on the neutron background shielding configuration, the CAPTAIN detector can be
placed as close as ⇠10 m away from the target. The expected neutrino flux at that location is then
about 1⇥106 /cm2/s per flavor at 16 kW of normal operation mode of BNB for the next several
years. The uncertainty in neutrino production from stopped pions and muons is dominated by the
uncertainty of the pion production in the BNB target and surrounding materials. The uncertainty
of the neutrino flux is about 9% [29].

B3. Neutrino Interactions in CAPTAIN

Experimental measurement of the low energy neutrino cross sections on argon target is an es-
sential input to develop accurate simulation tools and hence to understand the design parameters

9

• Proposal to measure pion/muon decay-at-rest 
neutrinos at FNAL’s BNB (10 m from target). 

• Mainly relevant for supernova neutrinos and 
understanding neutrino-Ar xsec at low energies. 

• May bring CAPTAIN to SNS after BNB?
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COHERENT at the SNS
• COHERENT experiment at the SNS 

• Low threshold detector development (synergies with nuclear, astro, …) 

• Coherent neutrino measurements 

• First neutrino results expected this year! 

• Three technologies in first-phase deployment.

COHERENT3
•  A collaboration has recently formed (COHERENT) composed of a 

number of experts in nuclear & neutrino physics, as well as low-
threshold detector development for a broad range of 
technologies. 

•  CosI, CoGeNT, RED, Majorana, ULGeN, among others 
•  LANL and LLNL exploring ways of contributing 

6/6/14 P. S. Barbeau, Neutrino 2014 34 

TwoRphase#LXe(
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• Yes. 

• The fast neutron and cosmogenic 
backgrounds at various locations near 
the SNS have been well characterized 
by the COHERENT collaboration. 

• These measurements are relevant for 
COHERENT and OscSNS. 

• The neutron background is so low in 
the “basement” locations that the 
shielding requirements for 
COHERENT are quite modest.

Is neutron background at the 
SNS ok?

53

Thanks to H. Ray!



Conclusions
• There are many efforts worldwide to take advantage of 

pion/muon and kaon decay-at-rest neutrinos. 

• These are some of the best neutrinos out there…and 
many of our existing sources are in need of a detector!
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Energy distribution of events (L=17m) 

(MeV) (MeV) 

(MeV) (MeV) 

Signal  
Qe from P- 

'm2=0.5eV2  'm2=2.5eV2  

'm2=3.5eV2   'm2=5.5eV2   

 
• Energy is smeared by 15%/sqrt(E)  (detector E resolution) 

M. Harada et al, arXiv:1310.1437 [physics.ins-det] 

(plots are norm
alized by area) 

A comment on the νe̅ intrinsic 
background for LSND-style experiments

56



M. Harada et al,  
arXiv:1310.1437 [physics.ins-det] 

OscSNS JPARC-MLF  
(phase 1) Notes

Detector 800 ton 50 ton

Baseline 60 m ~20 m (TBD)

Cost $20M $5M

Beam kinetic 
energy 1 GeV 3 GeV

pi+/pi- ratio is less 
favorable for 
JPARC-P56

Beam power 1.4 MW 1 MW (eventually)

Beam pulse 695 ns, 60 Hz 80 ns (x2), 25 Hz
Difference doesn’t 

matter much due to 
muon lifetime

0 100 200 300
-810

-710

-610

-510

-410

-310

-210

-110

0 100 200 300

-610

-510

-410

-310

-210

energy[MeV]

#ν
/2
M
eV
/P
O
T

�̄µ

�µ
�̄e
�e

0 500 1000 1500 2000
-810

-710

-610

-510

-410

-310

-210

time[ns]
#ν
/1
0n
s/
PO
T

� from µ
� from �
� from K

� total

time
80ns 80ns

540ns

Figure 8: The energy spectra of neutrinos from pion and kaon decays which are
based on Geant4 [19] calculations (top). This tends to be at the low end of neutrino
yeild estimates of various particle production models. Time distribution of neutrinos
from pion, muon and kaon decays is shown in the bottom plot. Neutrino beams from
muon decay at rest only survive after 1 µs from the start of proton beam.

19

JPARC-P56 
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Figure 11: Comparison of IsoDAR to alternative designs. See text for explanation.

• Value to future physics programs: Good: multiple examples of applications in physics; Mod-
erate: one other example; Bad: no examples. In the case of IsoDAR, these include application
of the technology to DAE�ALUS and to rare isotope production facilities such as Legnaro,
Holifield, and the 70 MeV cyclotron in Nantes.

• Value of this development to industry: Good: multiple examples of interested industries;
Moderate: one other example; Bad: no examples. In the case of IsoDAR, the IBA and BEST
Cyclotron Systems companies have both demonstrated interest in the design.

Based on this study, we conclude that the IsoDAR base design is the best technology choice for
the planned physics application.

29

IsoDAR cost estimates at present
Cost-effective design options for IsoDAR 

A. Adelmann et al. arXiv:1210.4454

1st source constructed -> $30M base cost (2013 $) recommended contingency as of now: 50% 
after first engineering design: 20%If more sources are constructed: $15M each

DOE-sponsored study on a 2 mA proton machine

This is a simpler machine. 
  
IsoDAR will cost more 
because the machine is 
larger…but this sets the 
scale.

Other options?



DAEδALUS cost estimates at present
$130M near accelerator, $450M for the 3 sites.  

This includes various contingencies, 20% to 50% 

Assumes component cost drops by 50% after first production. 
Does not include site-specific cost (buildings)

SRC is the cost driver. See: “Engineering study for the DAEdALUS sector magnet”;  
Minervini et al. arXiv:1209.4886  

The RF is based on the PSI design, for which we have a cost. 

The similarity to RIKEN allows a cost sanity check. We have a cost for this. 

All targets are ~1 MW (similar to existing), noting that each cyclotron can have multiple targets.  

For a comparison between DAEδALUS and existing cyclotrons (e.g. RIKEN, TRIUMF, PSI) see:  
“Multimegawatt DAEδALUS Cyclotrons for Neutrino Physics” arXiv:1207.4895 



Configuration Source(s) Average Detector Fiducial Run
Name Long Baseline Volume Length

Beam Power

DAE�ALUS@LENA DAE�ALUS only N/A LENA 50 kt 10 years

DAE�ALUS@Hyper-K DAE�ALUS only N/A Hyper-K 560 kt 10 years

DAE�ALUS/JPARC DAE�ALUS Hyper-K 560 kt 10 years
(nu only)@Hyper-K & JPARC 750 kW

JPARC@Hyper-K JPARC 750 kW Hyper-K 560 kt 3 years ⌫ +
7 years ⌫̄ [3]

LBNE FNAL 850 kW LBNE 35 kt 5 years ⌫
5 years ⌫̄ [6]

Table 1: Configurations under study for Snowmass.

Phase IV introduces the modifications for high-power running needed at the mid and far sites for
CP -violation studies.

The program requires free proton targets, hence water or scintillator detectors. The original case
was developed for a 300 kt Gd doped water detector at Homestake, in coordination with LBNE
[7]. Subsequently, DAE�ALUS was incorporated into LENA [8] (called “DAE�ALUS@LENA”).
As a 50 kt scintillator oil detector, LENA is substantially smaller than the original 300 kt water
design, but has the advantage of lower backgrounds. The sensitivity of DAE�ALUS@LENA is shown
in Fig. 1 (Top). For the Snowmass study, we have also considered a phased program in Japan,
beginning by pairing with the existing Super-K detector (with Gd-doping) and followed by running
with a Gd-doped 560 kt Hyper-K [3] (“DAE�ALUS@Hyper-K”). This program could be combined
with Hyper-K running with the 750 kW JPARC beam (“DAE�ALUS/JPARC@Hyper-K”). In this
scenario, JPARC provides a pure ⌫

µ

flux, which is the strength of a conventional beam, while
DAE�ALUS provides a high statistics ⌫̄

µ

flux. This leads to a impressive sensitivity to �

CP

, as
shown on Fig. 1 (Top). A comparison with the expectation of a 35 kt LBNE detector running at
850 kW [6] and JPARC@Hyper-K [3] is shown in Fig. 1 (Bottom). A summary of the assumptions
for the various configurations is provided in Table 1. Further description of this study is in [9]. A
short-baseline beam from the ESS [10] may also be appealing, as neither the DAE�ALUS nor ESS
baselines are subject to matter e↵ects.

This idea for a CP violation search has been well received by the wider community. The NRC
Committee to Assess the Science Proposed for a Deep Underground Science and Engineering Lab-
oratory wrote: “Proposals for new second generation experiments with water Cherenkov detectors
include very imaginative possibilities, such as the DAE�ALUS proposal to create neutrinos using a
series of small nearby cyclotrons” [11].

2.2 IsoDAR: A Search for ⌫̄
e

Disappearance at Short Baseline

IsoDAR is a novel isotope decay-at-rest source of ⌫̄

e

for Beyond Standard Model searches. The source
[12] consists of an accelerator producing 60 MeV protons [18] that impinge on a 9Be target, producing
neutrons. IsoDAR can use the same cyclotron design as the injector cyclotron for the two-cyclotron
DAE�ALUS system. The protons enter a surrounding 99.99% isotopically pure 7Li sleeve, where
neutron capture results in 8Li; this isotope undergoes � decay at rest to produce an isotropic ⌫̄

e

flux with an average energy of ⇠6.5 MeV and an endpoint of ⇠13 MeV. The ⌫̄

e

will interact in a
scintillator detector via inverse beta decay (IBD), ⌫̄

e

+ p ! e

+ + n, which is easily tagged through
prompt-light–neutron-capture coincidence. When paired with KamLAND [19], the experiment can
observe 8.2⇥ 105 reconstructed IBD events in five years. With this data set, IsoDAR will decisively
test sterile neutrino oscillation models, allow precision measurement of ⌫̄

e

-e scattering, and search

4

δCP sensitivity assumptions



The DAEδALUS group is currently 
focussed on the injector cyclotron, IsoDAR
• IsoDAR wants to produce ~10 mA of protons at 60 MeV. 

Commercial cyclotrons (IBA, BEST) produce ~1 mA of 
protons at 60 MeV.

How will IsoDAR achieve 10 mA?

Four issues to solve: 
1. Space charge. 
2. Push the envelope of H2+ ion source intensity. 
3. Develop an unusually large spiral inflector to get beam in 

the cyclotron. 
4. Avoid beam losses at extraction.
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Beam has been characterized at Best Cyclotrons, Inc, Vancouver 
(Best Cyclotron Systems, INFN-Catania, and MIT -- NSF funded)

DAEδALUS 
Best Status Update! 19!

Finished "
Beam Line!

GOALS 

• How much beam can be captured? 

• What are the properties of the captured beam? 

• Develop experience for designing the central 
region of the IsoDAR injector cyclotron.
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DAEδALUS 
Best Status Update! 19!

Finished "
Beam Line!

• Ion source from INFN-Catania installed at 
BEST Cyclotrons Inc. lab in Vancouver. 

• 40 mA protons demonstrated (summer, 
2013) and now focusing on H2

+. 

• Initial output is 12 mA (20-30 mA anticipated 
with new plasma chambers).
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Beam has been characterized at Best Cyclotrons, Inc, Vancouver 
(Best Cyclotron Systems, INFN-Catania, and MIT -- NSF funded)



Beam directionDAEδALUS 

Experimental configuration!

Best Status Update! 5!
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A cyclotron sits at the end of the line
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Dee Dee 

Radial Probe 

Radial Probe 

Radial Probe 

Beam

Beam has been brought from the ion source, through the low energy 
beam transport, through the axial inflector, and into the cyclotron where 

it is accelerated and makes several turns!
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(y axis position is arbitrary)

arXiv:1005.1254

• An intense decay-at-rest source, combined with an ultra-large detector, 
can provide a measurement of the weak mixing angle via neutrino-electron 
elastic scattering.  

• ~20 million signal events yields 0.24% precision on sin2θW at Q~0.03 GeV. 
• [Assumes 100 kt water detector w/ 5 years and 8E22 nu/flavor/year]

DAEδALUS and the weak mixing angle

JHEP 1108 059 (2011)



Figure 5: The relative size of the ion source and the cyclotron. The devices are connected via the low-energy
beam transport (LEBT).

This collimator provides for cleaning of the beam in a well-shielded area, so radiation from the
absorption of these halo particles is properly contained. The beam is transferred through
a focusing section to a bending magnet that directs the beam towards the target. The
bending magnet provides a way of preventing neutrons back-streaming o↵ the target from
reaching the cyclotron. The beam, now directed to the target, passes through a wobbler
magnet that steers the beam in a circular pattern to spread out the beam energy over the
face of the target. This is necessary to ensure the cooling system of the target can properly
accommodate the intense heat associated with stopping the beam.

The protons impinge on a 9Be target, producing neutrons which are moderated in the
cooling water and enter a surrounding FLiBE sleeve where they are captured by 7Li to
produce 8Li. The cylindrical sleeve contains 99.995% isotopically-pure 7Li. We have found
that 99.99% pure enrichment provides the needed production rate [11]. However, the material
which will contain the 7Li, FLiBe—already available due to its use in the advanced reactor
industry—is refined to 99.995% isotopic purity. A nominal running period of five years with
a 90% duty cycle produces 1.29⇥1023 antineutrinos from the decay of 8Li.

The components of the current design are: the beryllium target, the heavy water mod-
erator, the 7Li sleeve, and the graphite reflector. The target is centered in the sleeve and
in the block of graphite reflector. A uniform wobbled beam has been used in simulations
with a diameter of 12 cm. The beam pipe passes through a section in the concrete where
the wobbler magnets will be installed. A cut-away of the assembly is shown in Fig. 7.

With NSF funding, we performed an experiment at the MIT research reactor irradiating
rock samples from the KamLAND targeting site. This allows us to determine the exact
content of the rock, so as to be certain that our shielding will meet the required level, <0.1
Bq/g after 1 year of running. Recent preliminary comparisons between data and shielding
simulations show that our design more than meets the requirement.

6

What is the IsoDAR timeline?
• Technically-driven schedule 

• Currently proposed with KamLAND…but we have no 
schedule with KamLAND yet. 

• First data in 2019, if we had funding now.

Figure 6: Views of the cyclotron. Top Left: Oblique view of the cyclotron. One sees the vacuum jacket
and the extraction line. Bottom Left: Cutaway view of the cyclotron. One sees the coil, the iron, and the
RF dee. Right: Exploded view of the cyclotron showing all components.

3 New Results from our R&D at Best Cyclotrons Inc.

We have begun an extensive experimental testing program of the designs for IsoDAR, with
funding through NSF. The purpose is to address questions that were raised in the Galambos
report. The two most important questions to answer are 1) whether we can adequately
simulate the system from spiral inflection to extraction and 2) whether an H+

2 ion source can
be developed that produces the current that we need if we use a classic low energy beam
transport system (as opposed to an RFQ injection system).

Our work has been performed over the past two summers at the Vancouver site of Best
Cyclotron Systems, Inc, and ended in October 2014. We have been using the VIS, or Versa-
tile Ion Source, an o↵-resonant microwave discharge ion source [12] built at the Laboratori
Nazionali del Sud (LNS) in Catania, Italy. This source is not originally designed for H+

2 ,
it was designed to provide ⇠50 mA of protons or deuterons. However, with some retuning,
we were able to achieve an H+

2 beam from this source, which is now expected to reach >20
mA of H+

2 when optimized. This source feeds a low energy beam transport (LEBT) system
that injects into a cyclotron. Best Cyclotrons has built a small test cyclotron suitable for
acceleration to <1 MeV (to ensure no neutron production), in which we accelerate captured
beam to four turns at present.

The most important goal of this study was to show that we can simulate injection into the
central region of the cyclotron. Our predicted e�ciency from the simulations of the spiral

7



(y axis position is arbitrary)

arXiv:1005.1254

• An intense decay-at-rest source, combined with an ultra-large detector, 
can provide a measurement of the weak mixing angle via neutrino-electron 
elastic scattering.  

• ~20 million signal events yields 0.24% precision on sin2θW at Q~0.03 GeV. 
• [Assumes 100 kt water detector w/ 5 years and 8E22 nu/flavor/year]

DAEδALUS and the weak mixing angle

JHEP 1108 059 (2011)



SN neutrinos
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Table 1 Summary of relevant interactions for current and near-future detectors

Channel Observable(s)a Interactionsb

νx + e− → νx + e− C 17/10
ν̄e + p → e+ + n C, N, A 278/165
νx + p → νx + p C 682/351
νe + 12C → e− + 12N(∗) C, N, G 3/9
ν̄e + 12C → e+ + 12B(∗) C, N, G, A 6/8
νx + 12C → νx + 12C∗ G, N 68/25
νe + 16O → e− + 16F(∗) C, N, G 1/4
ν̄e + 16O → e+ + 16N(∗) C, N, G 7/5
νx + 16O → νx + 16O∗ G, N 50/12
νe + 40Ar → e− + 40K∗ C, G 67/83
ν̄e + 40Ar → e+ + 40Cl∗ C, A, G 5/4
νe + 208Pb → e− + 208Bi∗ N 144/228
νx + 208Pb → νx + 208Pb∗ N 150/55
νx + A → νx + A C 9,408/4,974

aThe observables column lists primary observable products relevant for interactions in current detectors. Abbreviations: C,
energy loss of a charged particle; N, produced neutrons; G, deexcitation γ s; A, positron annihilation γ s. Note there may, in
principle, be other signatures for future detector technologies or detector upgrades.
bThe interactions column gives interactions per kilotonne at 10 kpc for two different neutrino flux models for neutrino
energies greater than 5 MeV, computed according to http://www.phy.duke.edu/∼schol/snowglobes. No detector
response is taken into account here, and actual detected events may be significantly fewer. For elastic scattering and inverse
β decay, the numbers per kilotonne refer to water; for other detector materials, the numbers need to be scaled by the
relative fraction of electrons or protons, respectively. For neutrino-proton elastic scattering, the numbers per kilotonne
refer to scintillators.

the center of the Milky Way, 10 kpc away. Desirable for measurement are event-by-event timing
resolution, the ability to measure neutrino energies with good resolution, and the ability to use
the neutrino information to point back to the supernova. Sensitivity to all flavors of the burst
is especially desirable: νµ and ντ flavors constitute two-thirds of the burst’s luminosity, but NC
sensitivity is required to detect them. Note that the interaction rate is not the only thing that
matters: It is especially valuable for detectors to have the ability to tag interactions as νe , ν̄e , and νx ,
in addition to simply collecting them. An ideal detector would measure the flavor, energy, time,
and direction of the neutrinos on an event-by-event basis (with no background), but in reality,
one must settle for imperfectly reconstructed events and inferred statistical information.

The expected number of events from a supernova should scale simply with distance as 1/D2,
where D is the distance to the supernova. To a good approximation for most technologies (to
the extent that detection efficiency is independent of detector size), event rates scale linearly with
detector mass.

Expected differential event rates of observed particles for a given neutrino interaction process
for a realistic detector can be computed by folding a given supernova neutrino flux with the cross
section and detector response, according to

dn
dE ′ =

∫ ∞

0

∫ ∞

0
d Ed Ê%(E)σ (E)k(E − Ê)T (Ê)V (Ê − E ′), 2.

where E is the neutrino energy; Ê is the produced particle energy; E ′ is the measured product parti-
cle energy; σ (E) is the total cross section of the process; k(E−Ê) gives the energy distribution of the
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Abstract
A core-collapse supernova will produce an enormous burst of neutrinos of all
flavors in the few-tens-of-MeV range. Measurement of the flavor, time, and
energy structure of a nearby core-collapse neutrino burst will yield answers
to many physics and astrophysics questions. The neutrinos left over from
past cosmic supernovae are also observable, and their detection will improve
knowledge of core-collapse rates and average neutrino emission. This review
describes experimental techniques for detection of core-collapse neutrinos,
as well as the sensitivities of current and future detectors.
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Table 2 Summary of neutrino detectors with supernova sensitivitya

Detector Type Mass (kt) Location Events Live period
Baksan CnH2n 0.33 Caucasus 50 1980–present
LVD CnH2n 1 Italy 300 1992–present
Super-Kamiokande H2O 32 Japan 7,000 1996–present
KamLAND CnH2n 1 Japan 300 2002–present
MiniBooNEb CnH2n 0.7 USA 200 2002–present
Borexino CnH2n 0.3 Italy 100 2007–present
IceCube Long string 0.6/PMT South Pole N/A 2007–present
Icarus Ar 0.6 Italy 60 Near future
HALO Pb 0.08 Canada 30 Near future
SNO+ CnH2n 0.8 Canada 300 Near future
MicroBooNEb Ar 0.17 USA 17 Near future
NOνAb CnH2n 15 USA 4,000 Near future
LBNE liquid argon Ar 34 USA 3,000 Future
LBNE with water Cherenkov H2O 200 USA 44,000 Proposed
MEMPHYS H2O 440 Europe 88,000 Future
Hyper-Kamiokande H2O 540 Japan 110,000 Future
LENA CnH2n 50 Europe 15,000 Future
GLACIER Ar 100 Europe 9,000 Future

aNeutrino event estimates are approximate for 10 kpc; note that there is significant variation by model. Not included are smaller detectors (e.g., reactor
neutrino scintillator experiments) and detectors sensitive primarily to coherent elastic neutrino-nucleus scattering (e.g., weakly interactive massive particle
dark matter search detectors).
bThese entries are surface or near-surface detectors and will have larger backgrounds. Abbreviations: N/A, not applicable; PMT, photomultiplier tube.

in Super-K, supernova burst events could be analyzed in the full 32-kt inner-detector volume,
whereas the typical mass used for beam, atmospheric, and solar neutrino analyses is 22.5 kt or
smaller.

5. POINTING TO THE SUPERNOVA WITH NEUTRINOS
It will be tremendously valuable to determine the direction of the supernova from the neutrino sig-
nal itself. First, this information will be useful for an early alert. For obvious reasons, astronomers
want to know where to point their telescopes. Second, a possible scenario is that the supernova will
have no signal in electromagnetic radiation, or only a very faint signal, and pointing information
will be useful for locating a remnant (or a progenitor from catalogs). Doing so could, for example,
allow one to learn the distance of travel by the neutrinos through the Earth for matter effect
evaluation.

The most promising method for neutrino pointing is via elastic scattering (see Section 3.2),
in which the electron gets kicked in the direction of the neutrino. In a Cherenkov detector,
the directionality of the electron can be determined from the Cherenkov ring. Because elastic
scattering represents only a few percent of the total signal, the problem becomes one of finding a
small bump on a nearly isotropic background. In the absence of background, pointing quality goes
roughly as ∼25◦/

√
N , where N is the observed number of elastic scattering events. Reduction of

the nearly isotropic background (mostly IBD) can be achieved through the use of neutron tagging
with Gd (see Section 4.2). When background is taken into account, the expected pointing quality
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A sterile neutrino search w/ kaon decay at rest
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• Look for an excess near the 
endpoint of a well understood 
and measured background 
distribution.
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